H ealthcare-associated infections (HCAIs) represent a major preventable patient safety issue (1, 2) . Approximately 2 million patients each year in the United States acquire an HCAI, resulting in some 90,000 deaths and adding an estimated $4.5 to $5.7 billion per year to the costs of patient care (3) . One fourth of HCAIs involve patients in intensive care units (4) , and nearly 70% are due to microorganisms that are multi-drug resistant (5), indicating an escalating public health crisis.
Three types of infection account for Ͼ80% of all HCAIs in the intensive care unit: urinary tract infection (usually catheter-associated, CAUTI), bloodstream infection (usually associated with the use of an intravascular device [catheterrelated], CRBSI), and pneumonia (usually ventilator-associated, VAP) (4) . A number of randomized controlled trials have been undertaken to determine strategies for prevention of HCAI and form the basis of recent evidence-based guidelines (6 -8) . Education of healthcare personnel is widely viewed as the fundamental measure in reducing HCAI. However, the specific educational interventions used, the target population, and the sustainability of these efforts vary widely from study to study.
We undertook a systematic review to critically assess the studies that have reported the efficacy of an educational intervention using one or more of the three major types of HCAI (CAUTI, CRBSI, and VAP) as outcomes.
METHODS
Search Strategy. We performed a comprehensive search of a large number of computerized databases restricted to the English language from inception to November 30, 2006 (MED-LINE, CINAHL, Cochrane Network). Search terms were related to nosocomial infection, healthcare-associated infection, ventilatorassociated pneumonia, catheter-associated urinary tract infection, and catheter-related bloodstream infection, and combinations of these terms. In addition, we perused the references from all included studies and enlisted the help of a librarian to ensure a thorough search.
Inclusion Criteria. We included all randomized controlled trials, controlled beforeand-after studies, and interrupted time-series analyses. Studies that examined the effectiveness of an educational intervention targeted at healthcare personnel for prevention of three HCAIs (CRBSI, VAP, CAUTI) were selected. The primary outcome was the incidence of one or more types of HCAI of interest. Studies that did not report incidence of infection as an outcome were excluded.
Data Extraction and Validity Assessment. Data were extracted independently and crosschecked by both authors (NS and CA) using a standard data collection form. We extracted data on setting, study design, methodologic quality, type of intervention, outcomes reported, period of follow-up, and costs of the intervention. Where possible, relative risks were calculated from original data for dichotomous outcomes. The study location (i.e., intensive care unit, ward, hospital-wide) and unit of analysis (i.e., number of infections/ device days) were recorded. We assessed the validity of the included studies using published criteria (9 -13), addressing seven major categories: question, rationale, objectives, study design, intervention, evaluation, and results. We chose to not use a quality score assessment scale, as this may introduce bias while attempting to weigh the evidence (14) .
Statistical Analysis. Because of heterogeneity in the included studies, we considered a formal meta-analysis inappropriate. We reported the risk ratio from each included study.
RESULTS
A total of 46 studies were identified that described an educational intervention for prevention of HCAI; 26 of these met our inclusion criteria . The remainder were excluded because rates of nosocomial infection were not reported (n ϭ 3), the study did not include an education intervention (n ϭ 15), or education was not a major part of a multifaceted approach to prevention of HCAI (n ϭ 2). The details of the literature search leading to final selection are shown in Figure 1 .
Study Characteristics. The characteristics of the included studies are shown in Table 1 . All except three studies were pre-intervention and postintervention observational studies, with no concurrent controls. One study was a nonrandomized trial using concurrent controls (18) and one was a cluster randomized trial (25) . One study used a pre-intervention and postintervention design but also had concurrent controls (21) . Although most study settings were limited to adults, five included the pediatric population (23, 28, 29, 31, 36) . Sixteen were conducted in institutions in the United States (15-18, 20, 21, 25, 28 -31, 34, 35, 38 -40) ; the remainder were conducted in Argentina (n ϭ 3) (19, 32, 37) , Brazil (n ϭ 1) (27) , Taiwan (n ϭ 1) (23), Pakistan (n ϭ 1) (33), Canada (n ϭ 1) (22) , Thailand (n ϭ 1) (36) , and Switzerland (n ϭ 2) (24, 26) . Twenty studies were undertaken in intensive care units (15-17, 19 -23, 26 -28, 31-34, 36 -40) ; the remaining studies were either in hospital wards (29, 30, 35) , long-term care facilities (18, 25) , or hospital-wide (24) . Eleven studies reported rates of CRBSI (15, 16, 19 -21, 27, 29, 34, 38 -40) , six reported rates of VAP (17, 28, 31, 33, 36, 37) , and three reported rates of CAUTI (30, 32, 35) . The remaining studies described rates of overall nosocomial infections (18, (22) (23) (24) (25) (26) . Of the 26 studies, two focused only on the nurses as the target population for the educational intervention (29, 30) ; three involved nursing staff (2) and respiratory therapy (17, 28) ; eight involved nursing staff and physicians (15, 20, 26, 31, 34, 35, 38 -40) ; and 11 either mentioned staff or healthcare workers without specifying further (18, 19, 21, 23-25, 27, 32, 33, 36, 37) . One study focused solely on medical students and interns (15) . The postintervention follow-up ranged from 6 months to 2 yrs.
Description of Interventions. The educational interventions varied according to study, but they all made use of a combination of different modalities. The most common educational tools were lectures or classes, video presentations, posters, questionnaires and fact sheets, and practical demonstrations (15, 26, 38) . Six studies made use of a standardized 10-page self-study module with pretests and posttests (16, 17, 20, 31, 34, 39) . Seventeen studies made use of direct feedback as part of the intervention (15, 19, 22-25, 27, 28, 30, 32-38, 40) . Other interventions beyond education used in the studies included protocols to remove catheters when no longer necessary, maintaining a fully stocked and easily accessible cart for catheter insertion, and emphasis on compliance with hand hygiene.
The duration of each intervention was also highly variable, ranging from a 1-day course (15) to sustained interventions lasting up to 8 months and even years (23) . Many studies did not provide an exact duration of intervention. Several studies simultaneously or sequentially employed other measures to prevent HCAI. Table 2 summarizes the descriptions of the educational interventions employed in the included studies.
Efficacy of Intervention. All studies included in this review either reported the relative risk or rate ratio or provided data for its calculation. Five studies did not find a statistically significant reduction in nosocomial infection rates after implementation of the intervention (18, 25, 27, 29, 38) ; all the other included studies found evidence for substantial efficacy of the educational intervention. The risk ratio ranged from as low as zero to as high as 1.6. The precision estimate using confidence intervals was reported or could be calculated in 14 studies (16, 19, 20, 22, 26, 29, 30, (32) (33) (34) (37) (38) (39) (40) .
Eighteen studies provided a direct statement on whether the educational intervention translated into the desired behavior change, such as greater compliance with hand hygiene (15, 16, 18, 19, 22, 24, 26 -28, 31, 32, 35-38) or better adherence to evidence-based guidelines (17, 23, 39) .
Durability of Intervention Effect. Sustainability of the intervention effect was clearly reported only in three studies. The study by Berenholtz et al. (40) found that the rates of CRBSI continued to decline at 16 to 18 months of follow-up after intervention ended.
Assessment of Methodologic Quality of Included Studies. The study rationale was easily identifiable in all the studies. The study design was appropriate for the study question in all, and a majority (73%) described the design in sufficient detail. However, only 43% of studies chose a similar comparison group for their study. Similarly, only 39% studied the long-term (i.e., Ն1 yr postintervention) effects of their intervention. Only one of the studies was a cluster randomized controlled trial.
The setting under which the interventions were carried out was well described in all studies. However, detailed description of the educational methods occurred only in 60% of studies. A description of the level of the learner was also lacking in many studies.
In terms of study evaluation, outcomes matched the underlying objective in 75% of the studies. The methods used for statistical testing were described in all studies; however, few of the studies performed adjustment for baseline differences in their pre-intervention and postintervention groups, and none reported an assessment of power or sample size calculation. Important threats to internal validity in quasi-experimental studies such as maturation, diffusion, regression to the mean, and confounding factors were not addressed in the majority of the included studies.
Costs of Interventions. Only four studies provided estimates of the costs of their interventions (15, 17, 20, 24 Warren (20) Reporting CRBSI rates to all ICU personnel; 45-min lectures and grand rounds to nursing and medical personnel on prevention of CRBSI; posters and fact sheets distributed in ICU; 10-page, selfstudy module on prevention of CRBSI in 1999
Increased proportion of catheters were inserted into subclavian (preferred location) during intervention period than in pre-intervention period None ϳ$4000
Babcock (31) 10-page self-study module pertaining to prevention of VAP. Pre-and posttest administered. Posters, fact sheets, and inservices for 98 episodes of VAP prevented in the 12-month postintervention period. As discussed previously, both Sherertz et al. (15) and Zack et al. (17) considered the costs of the intervention in their analysis. Topal et al. (35) estimated that by reducing CAUTI rates by 81% compared with their previous baseline, there was a reduction of direct costs amounting to $108,000 and indirect costs up to $126,000 during a 2-yr period, based on published estimates of the cost of CAUTI by Tambyah et al (43) . Kelleghan et al. (28) estimated net savings of $105,000 (1990 U. S. dollars) by preventing 15 episodes of VAP during the study period, using $7,000 per case. The studies are not directly comparable because of differing estimates used regarding cost of the infection under study and varying follow-up periods, and many did not factor in the costs of the intervention in their analysis.
DISCUSSION
Our systematic review shows that a variety of educational strategies have been studied for prevention of HCAI, the majority targeting healthcare personnel working in intensive care units. A considerable proportion of HCAIs occur in general hospital wards and long-term care institutions (44 -46) , and there were few studies that assessed the efficacy of education for healthcare workers in these settings.
We found that the systematic application of educational interventions can decrease rates of HCAI. However, it is difficult to determine which particular educational intervention is the most effective because the studies used a variety of approaches, many in combination with other strategies to prevent HCAI. Coopersmith et al. (38) reported that despite reductions in the rates of CRBSI in their educational program study, a bedside audit subsequently showed suboptimal compliance with best practices for central venous catheter insertion. Unfortunately, the study design did not permit direct assessment of a causal relationship between education and reduction in HCAI.
We found that studies of educational interventions undertaken in lesserdeveloped countries, with perhaps fewer resources to implement more technological advances in infection control, also found similar substantial benefit, as did studies that were undertaken in nonteaching rather than teaching hospitals.
Although the educational strategies were highly variable and often multimodal, most of the interventions addressed and emphasized the need for excellent hand hygiene. Unfortunately, compliance with hand hygiene, which is the cornerstone of infection control (47) , remains poor (48 -50) . Eleven studies specifically included the nursing staff as part of their target population; whether this is the audience with the greatest benefit could not be assessed in our analysis.
We used quality assessment tools to evaluate the studies. Although all the studies addressed the rationale, study objective, and setting clearly, most studies suffered from a lack of a similar comparison group and detailed description of their learners, interventions, and data collection. The pre-post intervention design included historical controls, and threats to internal validity such as maturation, diffusion, confounding, and regression to the mean were not addressed.
The lack of a detailed description of the content of the educational interventions, including an assessment of validation of the intervention, hindered generalizability. Future studies may address this by redirecting the reader to a Website, as was done in one study (21) . Issues such as the level of the learner (practicing physician, house staff, years of experience, or training) may also affect the type of intervention that might be most effective. Whether these interventions should be periodically repeated and at what intervals are also issues that should be addressed in future studies.
Our review has several limitations. Only studies in the English language were included. The studies were very heterogeneous, and we were unable to determine which type of educational intervention has the best potential to decrease HCAI. Finally, we assessed only three types of HCAIs; however, these represent the majority of HCAIs in healthcare institutions.
In conclusion, we find that although educational interventions show efficacy for the prevention of HCAI, studies using validated educational tools and that are clearly described, easily reproducible, and widely generalizable are needed. We recommend the use of cluster randomized trials to study educational and organizational interventions, incorporating an assessment of costs into the study design. For nonrandomized trials, threats to internal validity should be addressed by using a time-series design with multiple observations before and after intervention and use of a parallel control group. Statistical analysis should include an assessment of secular trends rather than comparison of mean values before and after intervention.
